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Abstract
Electrical conductivity is one of the most important properties of bipolar plates (BPs). It is, therefore, important 
to identify possible factors that have a significant effect on bipolar plate electrical resistance measurement 
techniques. A method for measuring the resistance of conductive thermoplastic BPs for polymer electrolyte 
membrane fuel cells is described. The major goals of this research are to identify the factors affecting 
electrical resistance measurements. For BPs made of the same material, dimensional factors such as surface 
area, thickness and the ratio of surface area over thickness (S/T) could have significant effects on BP 
resistance measurements. Electrical contact resistance between a gas diffusion layer and a BP is another 
factor affecting the BP resistance measurement in addition to the surface area and S/T ratio. All these factors 
can affect the measured resistance and change the result even with the same material. External factors 
such as clamping pressure applied on the measured BP also reduce the interfacial contact resistance 
significantly.
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1 Introduction
Polymer electrolyte membrane (PEM) fuel cells are the 
most suitable fuel cell technology for use in automobile 
applications. However, the high cost of  PEM fuel cells 
has become one of the major barriers limiting fuel cell 
commercialization. The U.S. DOE provided research 
that validated the cost estimation and concluded that 
a cost of $60 to $80/kW is the valid approximation 
of an automotive fuel cell cost when extrapolated to 
high volumes [1]. The analysed cost of an 80-kWnet 
automotive PEM fuel cell system based on 2013 
technology was projected $55/kW when fabricated at 
500,000 units/year and $67/kW at 100,000 units/year [2]. 
Bipolar plate, which is one of the main components of 
a PEM fuel cell, bipolar plates represent approximately 
7% of a PEM fuel cell subsystem [1] and 55% of a fuel 
cell weight [3]. As a result, it is very important that 
bipolar plates can be made inexpensively and can be 
mass produced. Bipolar plates require high electrical 
conductivity; possess adequate mechanical properties 
and thermal stability and exhibit low contact resistance 
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[4,5].  These properties allow the bipolar plate to function 
distributing oxidant gas and fuel gas, provide the fuel 
cell’s mechanical strength, complete the electrical 
circuit and regulate the cell temperature. Several 
types of materials are currently used in bipolar plates, 
including non-porous graphite plates, metallic plates 
with or without coating and a number of composite 
plates [6,7]. Disadvantages of graphite plates are 
their high costs, high brittleness and the difficulty of 
machining flow channels. To replace the high cost 
graphite bipolar plates, extensive research has been 
conducted for metal-based bipolar plates. Unluckily, 
the major weakness of metal bipolar plates is their 
defencelessness to corrosion  and  dissolution in the 
PEM fuel cell operating environment of 80°C and a 
pH of 2-3 [8]. Recently, polymer matrix composites 
have been investigated for use in the manufacture of 
bipolar plates. A composite bipolar plate is a promising 
alternative to graphite and has the advantage of low 
weight, ease in machining, good corrosion resistance 
and low cost. The weakest point of the composite 
bipolar  plates is their low electrical conductivity that 
is compared to metallic or the conventional graphite 
bipolar plates [9,10]. Therefore, extensive research 
efforts have been conducted on increasing the 
conductivity of bipolar plates by applying different 
conductive fillers [11]. The better the electrical transport 
of a bipolar plate, the fewer plates are required to 
produce a given power output. The smaller amount 
of bipolar plates causes to a smaller fuel cell and 
lower cost, which are dominant features for market 
acceptance. A PEM fuel cell is typically constructed 
in a periodic series of membranes coated by a catalyst 
layer, gas diffusion layers (GDLs), bipolar plates and 
current collector plates [12,13]. The components are 
clamped within two endplates (Figure1). 
 Individual cells are arranged in a stack and the 
fuel cell stack contains a multitude of single cells 
stacked up. A cathode electrode of a single cell is 
electrically connected to an anode electrode of an 
adjacent cell. In this connection the same current 
passes through each single cells (Figure 2). Several 
researchers and companies have been manufacturing 
highly novel polymeric composite bipolar plates. They 
want to test bipolar plate materials in order to identify 
materials and processes that give a proper ability, 
especially; their electrical conductivity, for a PEM 
fuel cell application. Only a few research efforts focus 
on conductivity measurement procedures and factors 
that can significantly affect electrical conductivity 
measurement results.
 According to Figure 2, contact resistance in a 
fuel cell stack coming from the interface between 
GDLs and the bipolar plates is one of major sources to 
decrease the performance of a PEM fuel cell system. 
A poor interface contact will decrease the actual area 
in contact, leading to a voltage drop across the material 
interface. Mishra and Yang found that the electrical 
contact resistance between a GDL and flow channels 
of a bipolar plate is one of the important factors 
contributing to the operational voltage drop in PEM 
fuel cells. The measured contact resistances are 
reported over a range of clamping pressures for various 
paper-based and cloth-based GDLs [16]. As is well 
known, the resistance of a material with thickness 
Figure 1: Major components of a PEM fuel cell [14].
Figure 2: Schematic of electron transport in the PEM 
fuel cell stacks [15].
15
R. Yeetsorn and M. Fowler / KMUTNB Int J Appl Sci Technol, Vol.7, No.4, pp. 13-21, (2014)
T and surface area A can be calculated by equation (1) 
[17].
 (1)
Where, Rmaterial is the material’s electrical through-
plane sheet resistance (ohm.cm2) and ρz refers to the 
through-plane electrical resistivity (ohm-cm). From 
equation (1), we can determine that thickness T and 
surface area A of the material affect the  through-
plane resistance of materials. Among composite 
bipolar plate conductivity testing results, there is no 
detailed description on the conductivity measurement 
procedures, especially on the information of test sample 
dimensions such as shape, thickness and surface area. 
Nicolas Cunningham [18] described an apparatus for 
measuring through-plane conductivity and calibration 
methods. Cunningham found that some factors can 
affect measurement accuracy and reproducibility, 
such as the method used to polish the copper electrodes, 
the contact between the electrodes and the sample and 
whether disks were used or not. They pointed out that 
in standard experiments, the measured resistance is 
caused not only by the resistance of sample (Rmaterial) 
but also by the contact resistances of all interfaces in 
the measured system. Equations derived to calculate 
measured resistance of a testing system are as follows :
 (2)
 (3)
Combine equation (2) and (3),
 (4)
where Vmeas and Imeas refer to the measured voltage 
and current; Rinst is the systematic error caused by 
the instruments and Rint includes all the interfacial 
resistances and the intrinsic resistances of carbon 
cloth or gold plates. However, most research efforts 
use equation (5) to calculate the bulk resistance of the 
measured material (Rplate) [19]:
 (5)
 As Nicolas and Michel pointed out, it is impossible 
to distinguish the resistance caused by the system 
from the bulk resistance of the measured material. The 
stack of bipolar plates in a general fuel cell system is 
compressed under pressure to seal the interfaces. The 
stress provided to the cell system affects the electrical 
characteristics of the bipolar plate material; hence, 
to measure the electrical conductivity of a bipolar 
plate, a plate must be placed under pressure. Quantum 
experts created a test station consisted of a bench press 
that simulate the operational conditions of a fuel cell 
stack [20]. Nevertheless, the correspondence between 
measured results and actual in-stack performance has 
not been standardized. The ability to test bipolar plates 
under different pressure levels is required. Bac2 Ltd. 
extended the through-plane conductivity tester that is 
reliable evaluation for composite bipolar plates [21]. 
In this system, two gold plaque electrodes containing 
isolated gold pin are positioned above and below a 
bipolar plate and the system applies a forced contact 
in a Z-direction. This procedure instantaneously 
determines the pressure dependent surface and bulk 
electrical conductivity contributions from the plates.
2 Experimental Procedures
2.1  Apparatus
The sample resistance was measured with the method 
recommended by the U.S. Fuel Cell Council. A 
photograph and two schematics of the experimental 
setup are shown in Figure 3 and Figure 4. 
 The system of resistance measurement included 
a CARVER hydraulic press for providing a series of 
prescribed clamping pressures, a power source and 
a dual input high-precision digital multi-meter for 
capturing the electrical voltage and current. Two 
pieces of GDLs were placed on either side of the 
bipolar plate and the assembly were placed between 
two gold-nickel-copper plates. Two polymeric plates 
were placed between the platens of the press and the 
gold plates to insulate the electric circuit from the 
metal press. A clamping pressured up to 4.448 × 104 N 
was applied and both voltage and current were 
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independently monitored on the both electrodes for 
the calculation of the total resistance. The clamping 
pressure correlates to the compressive force applied 
for assembling a small single cell (using bipolar plates 
with a 16 cm2).
2.2  Conductive polymer composite
The polymer composite used in this research includes 
a polymer matrix and three types of carbon-based fillers. 
The thermoplastic resin chosen is Equistar polypropylene 
copolymer (Petrothene PP36KKJ01) with 7 of 
melt flow index and the three kinds of conductive 
fillers are vulcan carbon black, actylene carbon 
black and carbon fibers, respectively. They provided 
by Cabot Corporation, Chevron Phillips Chemical’s 
and Fortafil, respectively. The specific conductive 
composite content is 71 wt% PP and 29 wt% fillers, 
which included 21 wt% vulcan carbon black, 4 wt% 
actylene carbon black and 4 wt% carbon fibers. This 
created composite formula was selected from preliminary 
investigation and earlier work demonstrated the 
effects of filler concentrations and filler loading ratios 
on the electrical resistance of composite bipolar plates.
2.3  Gas diffusion layers
A chosen gas diffusion layer was provided by Ballard 
Material Products Inc., AvCarbTM 1071 with a 
thickness of 280 - 432 microns. AvCarbTM 1071 is 
recommended be used for PEM fuel cells.
2.4  Bipolar plate sample fabrication
A bipolar plate was fabricated with conductive 
composite pellets by hot-pressing under 232 - 244°C 
of temperature and compression forces up to 2.224 × 
104 N.
 The dimensions of different moulds used for making 
sample plates are illustrated in Table 1. The sample 
plates were used to determine the effect of surface 
area (S), surface area/thickness (S/T) and thickness 
independently on the resistance of the bipolar plate.
Table 1: The dimensions of sample plates
Samples Width (mm) Length (mm) Thickness (mm)
1 100.00 100.00 3.10
2 59.50 24.30 5.95
3 70.00 28.00 1.27
4 100.00 49.00 3.10
5 61.00 51.00 3.10
6 51.00 38.00 3.10
2.5  Bipolar plate resistance measurement 
The total electrical resistance of the entire system 
is a summation of the bulk resistance of the two 
gold plates, 2RAu-Cu, the bulk resistance of two gas 
diffusion layers, 2RGDL, the bulk resistance of bipolar 
plate, Rplate, the two interfacial contact resistances 
between the GDL and the bipolar plates, 2Rp/GDL and 
the two interfacial contact resistances between the gold 
plate and gas diffusion layer, 2RAu/GDL. 
 The nomenclature of all resistance (Figure 5) in 
the system is as follows:
Figure 4: Schematic of electrical circuit for the electrical 
conductivity measurement.
Figure 3: Photograph and schematic diagram of bipolar 
plate resistance measurement setup.
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Rmeas = measured resistance;
Rplate = resistance of bipolar plate sample;
RGDL = resistance of gas diffusion layer; 
RAu-Cu = resistance of gold-nickel- copper plate; 
RAu/GDL = contact resistance caused by an interface 
  between GDL and the gold plate;
Rp/GDL = contact resistance caused by an interface 
  between GDL and the bipolar plate sample;
 The expression for the total measured resistance 
for the assembly is given as
Rmeas  = 2RAu-Cu + 2RGDL + 2Rp/GDL  (6)
  + 2RAu/GDL + Rplate
  
 In fact, the values of RGDL and RAu-Cu are very 
small (<<1), since the GDL and gold plate are very 
conductive. Therefore, we can neglect the effect of 
RGDL and RAu-Cu on the total measured resistance, Rmeas 
and equation (6) can be simplified to equation (7):
Rmeas = 2RAu/GDL + 2Rp/GDL + Rplate (7)
 In equation (7), the measured resistance, Rmeas, 
was determined by the contact resistance between 
the GDL and the gold plate, RAu/GDL, the contact 
resistance between the bipolar plate and GDL, 
Rp/GDL, as well as the bulk resistance of the bipolar 
plate sample, Rplate. If the values of the two contact 
resistances are as small as possible, the measured 
resistance relatively is equal to the bulk resistance of 
the bipolar plate. In other words, the bulk resistance 
of the bipolar plate can be accurately measured by 
minimizing the contact resistances in the testing 
system caused by the interface between the bipolar 
plate and GDLs and the interface between the GDL 
and gold plates.
3 Results and Discussion
Electrical conductivity is one of the most important 
properties of bipolar plates. Moreover, it is important 
to realize that the size or dimension of bipolar plates 
may have a significant effect on electrical resistance 
measurement. Experimental studies were conducted 
on bipolar plates (same material) with different 
surface areas and thicknesses in contact with GDLs, 
with following objectives: to identify the resistance 
of the gold plates and GDLs as well as the contact 
resistance between the gold plate and the GDL; to 
investigate the influences of sample surface area, 
thickness and ratio of surface area over the thickness 
of bipolar plates on contact resistance measurements; 
to study the effect of clamping pressure on bipolar plate 
resistance measurements.
3.1  RGDL and RAu-Cu measurement
From equation (6), in order to measure the bulk 
resistance of bipolar plates (Rplate) accurately, the 
bulk resistances of the gold plates and GDLs must be 
evaluated and subtracted from the total measured 
resistance of the assembly. The bulk resistance of 
gold plate, RAu-Cu, can be determined by independent 
measurement involving only the two gold plates put 
together as shown in Figure 6(a), the bulk resistance of 
the GDLs, RGDL, can also be determined by independent 
measurement involving only the GDL sandwiched 
between the two gold plates shown in Figure 6(b). Based 
on this new setup in Figure 6(b), the total measured 
resistance, R*meas, is expressed in equation (8). 
R*meas = 2RAu-Cu +  2RAu/GDL +RGDL  (8)
Figure 5: Schematic diagram of resistance test analysis 
of bipolar plate. Figure 6: (a) Schematic diagram of resistance 
measurement analysis of gold plate and (b) gas diffusion 
layer.
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 If R*meas was substracted by the total measured 
resistance then equation (6) is further expressed as
Rmeas - R*meas = RGDL + 2Rp/GDL + Rplate (9)
 According to the testing results as showed in 
Table 2, the average value of RAu-Cu is only 3.2 × 10-6 
ohm which is insignificant with respect to the total 
resistance of the system and is therefore negligible.
Table 2: Testing results of gold plate resistance
Resistances
(Ω)
Sample 1 Sample 2 Sample 3 Average
Rmeas 5.5 × 10-6 6.8 × 10-6 7.2 × 10-6 6.5 × 10-6
RAu-Cu 2.7 × 10-6 3.4 × 10-6 3.6 × 10-6 3.2 × 10-6
 For a piece of GDL with a dimension of 100.43 × 
100.35 × 0.42 mm, sandwiched between two gold 
plates with a series of loading forces, the measured 
resistances for this arrangement are shown in Table 3. 
The resistance data are in the range of 0.000021 to 
0.000084 Ω, which are very low values compared 
to the total resistance experienced in actual fuel cell 
operation environments. Based on the values of RGDL  
and RAu-Cu, the contributions of RGDL and RAu-Cu to the 
total measured resistance of bipolar plate assembly are 
negligible. Moreover, since GDLs are highly conductive 
material compared to the bipolar plates, the contribution 
of the bulk resistance of gas diffusion layers can 
also be regarded as negligible within the resistance 
measurement assembly. As a result, the equation (9) 
is further simplified to
Rmeas ≈ 2Rp/GDL + Rplate (10)
In equation. (10), the total measurement resistance 
of the bipolar plates and the GDL assembly is the 
summation of the bulk resistance of bipolar plate, Rplate, 
the two interfacial contact resistances between the GDL 
and bipolar plate, 2Rp/GDL. It is obvious that except for 
the intrinsic bulk electrical resistance of a bipolar plate, 
Rplate, the interfacial contact resistances between the 
GDL and bipolar plate, 2Rp/GDL, also have a significant 
effect on the total measured resistance. Hence, it 
is very important to identify the factors that affect 
the Rp/GDL and to minimize the effect of interfacial 
contact resistance on the total measured resistance.
Table 3: Resistance measurement of GDL
GDL dimensions Force (N)
Pressure 
(kPa)
RGDL
(Ω)
Length: 100.43 mm.
Width: 100.35 mm.
Thickness: 0.42 mm.
4.448 × 103 4.412 × 102 8.4 × 10-5
8.896 × 103 8.825 × 102 5.6 × 10-5
1.335 × 104 1.324 × 103 4.2 × 10-5
1.780 × 104 1.765 × 103 3.5 × 10-5
2.224 × 104 2.206 × 103 2.1 × 10-5
3.2  Dimentional effect on resistance measurement
3.2.1 Effect of sureface area
Figure 7 shows the total resistance as a function of 
surface area for GDL/Bipolar plate assembly, where 
bipolar plates have various thicknesses and the applied 
loading force is 2.224 × 104 N. The measured resistance 
(ohm) is decreased with increasing surface area. The 
contact area between GDL and bipolar plate increases 
correspondingly as the surface area increases. 
 In this case, the contribution of interfacial contact 
resistance between the GDLs and bipolar plates become 
more significant than that of the bulk resistance 
of bipolar plate with respect to the total measured 
resistance. With increasing surface area, the bulk 
resistance of the bipolar plate is decreased, which lead 
to the decrease of the total measured resistance of a 
system. It seems that as the contact area or surface area 
of bipolar plate reaches infinity, the bulk resistance 
can become negligible (based on equation (1)) and the 
total measured resistance can be that of the two interfacial 
contact resistance between the GDLs and the bipolar 
Figure 7: Resistance of GDL/bipolar plate assembly 
at various surface area.
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plates. Please note that the composite bipolar plate 
specimens that were used for these experimental tests did 
not contain flow channels, since this technique was used 
to measure the electrical resistance of novel composite 
bipolar plates as an ex-situ test. The ex-situ test is 
typically employed for material property observations. 
The appropriate specimen geometry are important 
for the electrical resistance investigation to ensure 
that the resistance mainly comes from the material 
property. Bipolar plates with flow channels will be 
used to measure fuel cell resistance and performance 
via in-situ test using an electrochemistry technique.
3.2.2 Effect of S/T ratio 
Figure 8 represents the resistance of the GDL/bipolar 
plate assembly as a function of the ratio of surface area 
over thickness (S/T). 
 With increasing S/T, the measured resistance 
(ohm) decreases. This tendency is similar to that of 
Figure 7 in which the measured resistance decreases 
with increasing surface area. Similarly, with increasing 
S/T, the bulk resistance of the bipolar plate will 
decrease significantly and the contact resistance 
between the GDL and bipolar plate has more 
contribution on the total measured resistance. It is clear 
that due to the geometric difference of the various 
bipolar plates, the measured resistance can be 
significantly different. If there were procedures 
recommending plate geometry, it would be much easier 
to successfully compare conductivity results between 
different composite materials.
3.2.3 Effect of thickness
The effect of thickness on resistance measurement 
was also investigated in this work. Bipolar plates 
of the same area but with different thicknesses were 
measured. Figure 9 shows the bipolar plate resistances 
as a function of thickness for samples with the same 
surface area. The measured resistance increases with 
increasing thickness of the bipolar plate, contributing 
to increased bulk resistance. The summary of the bulk 
resistances and the two contact resistances between the 
bipolar plate and gas diffusion layer, Rplate and 2Rp/GDL, 
forms the dominant part of the total resistance shown 
in Figure 9. The lower value of Rmeas corresponds to 
the thinner bipolar plate of 0.8 mm thickness and the 
higher Rmeas value corresponds to the thicker, 4.7 mm 
of bipolar plate thickness. 
 In both cases, the bulk resistance of the bipolar 
plate makes a more significant contribution to the total 
measured resistance than the contact resistance. 
However, if the thickness of  the bipolar plate is as thin as 
possible, similarly, the bulk resistance is also negligible 
and the measured resistance is equal to the two contact 
resistances between the GDL and bipolar plate.
3.2.4 Effect of clamping pressure
The resistances of the bipolar plates were also 
measured at conditions with different loading forces. 
Forces applied to the interface leads to the increase 
in the contact area between a bipolar plate and 
GDL, which in turn, decreases the interfacial contact 
Figure 8: Resistance of GDL/bipolar plate assembly 
at various sizes and S/T.
Figure 9: Resistance of GDL/bipolar plate assembly 
at various sizes and S/T.
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resistances. Loading forces that were applied include 
4.448 × 103, 8.896 × 103, 1.335 × 104, 1.780 × 104 and 
2.224 × 104 N respectively. Converted applied pressures 
vary depending on force and sample dimentions. The 
measured resistance results are shown in Figure 10. 
As anticipated, the measured resistance decreases 
with increasing clamping pressure for all bipolar 
plate samples with different ratios of surface area over 
thickness (S/T). The highest resistance was observed for 
the bipolar plate with smaller S/T ratios (for example, 
S/T = 268.46 mm). For a wide range of clamping 
pressures a change in measured resistance is not very 
significant. While with increasing S/T values (from 
268.46 mm to 22699.37 mm), the measured resistance 
decreases dramatically, in other words, the higher value 
of S/T, the lower the resistance measured. Also for 
higher S/T ratios, the measured resistance can also be 
decreased over a narrow range of clamping pressures. 
 In the case of bipolar plates with higher values of 
S/T, the contribution of contact resistance between the 
GDL and the bipolar plate to the measured resistance 
is more significant than the bulk resistance of bipolar 
plate. The contact resistance between the GDL and 
bipolar plate with unknown conductivity can be 
estimated as S/T reaching very large (infinite) values, 
an estimation that in turn can enable the actual bulk 
resistance of the bipolar plate to be measured accurately. 
Two possible reasons can be used to explain the contact 
resistance reduction. First, forces applied to the interface 
lead to an increase in the contact area between a bipolar 
plate and GDLs, which in turn, decreases the interfacial 
contact resistances. Second, carbon fibers in GDLs 
penetrate into the surface of composite bipolar plates 
and so conductive paths are propagated.
4 Conclusions
This work investigated the factors affecting the 
resistance measurement of conductive thermoplastic 
bipolar plates for polymer electrolyte membrane fuel 
cells. The aim of this research is to understand the 
relative significance of contact resistance to bulk 
conductivity, which is important for fuel cell bipolar 
plate design and bipolar plate material selection. For 
the same bipolar plate material, dimensional factors 
such as surface area, thickness as well as the ratio 
of surface area over thickness of bipolar plates has 
a significant influence on bipolar plate resistance 
measurements. One if the important factor affecting 
bipolar plate resistance measurements is the electrical 
contact resistance between the gas diffusion layer and 
the bipolar plate and this factor is focused on in this 
work. Surface area and surface-area-over-thickness 
ratio of bipolar plates show significant effects on 
the interfacial contact resistances and as a result, 
the measured resistance of the same material is vary 
significant. At a high-surface-area-to-thickness ratio, 
contact resistance is most significant. Other factors 
such as thickness, material properties, surface geometry 
and clamping pressure also affect bipolar plate resistance 
measurements significantly. Some variables, such as 
bipolar plate manufacturing and surface treatment 
processes, may affect significantly on the contact 
resistance of the plates. The effects of the processes on 
electrical properties of bipolar plates are, therefore, an 
interesting issue for a further study. 
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